The mechanism of C-H activation in selective oxidation reactions of short-chain alkane molecules over transition metal oxides is critically affected by the balance of acid-base and redox sites at the surface of the catalyst. Using the example of manganese tungstate we discuss how the relative abundance of these sites can be controlled via synthetic techniques. Phase-pure catalysts composed of the thermodynamic stable monoclinic MnWO 4 phase have been prepared using hydrothermal synthesis. Variation of the initial pH value resulted in rod-shaped nano-crystalline MnWO 4 catalysts composed of particles with varying aspect ratio. The synthesis products have been analysed using transmission electron microscopy, X-ray diffraction, infrared, and photoelectron spectroscopy. In situ Raman spectroscopy was used to investigate the dissolution-re-crystallization processes occurring under hydrothermal conditions. Ethanol oxidation was applied to probe the surface functionalities in terms of acid-base and redox properties. Changes in the aspect ratio of the primary catalyst particles are reflected in the product distribution induced by altering the fraction of acid-base and redox sites exposed at the surface of the catalysts in agreement with the proposed mechanism of particle growth by re-crystallization during ageing under hydrothermal conditions.
Introduction
Metal oxides are widely used as heterogeneous catalysts in the synthesis of chemicals, and in energy conversion and storage applications.
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High a Department of Inorganic Chemistry, Fritz-Haber-Institut der Max-Planck-Gesellscha, Faradayweg 4-6, 14195, Berlin, Germany. E-mail: trunschke@i-berlin.mpg.de b performance, selectivity, and stability of oxides in heterogeneous catalysis are bound to the homogeneity of the solid. 5 In complex reactions, such as selective oxidation of hydrocarbons, multi-functionality is necessarily required and can be achieved either chemically or by nano-structuring. 6, 7 Solvothermal techniques have been efficiently used in the preparation of metastable phases or oxides with particular morphological properties. [8] [9] [10] [11] [12] [13] However, the underlying preparation strategies are oen based on experience and parameter variation. Targeted design of metal oxide catalysts with predictable functionalities needs a deeper understanding of the chemistry in precursor solutions and during nucleation, growth, and ageing.
In situ Raman spectroscopy has proven benecial in the investigation of condensation reactions of transition metal oxide species occurring at elevated temperature and pressure inside an autoclave.
14, 15 Our recent study concerning the speciation of molybdates in aqueous media revealed that the molecular structure of the oxo-anions in the temperature range between 100 and 200 C differs signicantly from that at room temperature at comparable concentration and pH values. 15 Implicit understanding of the known condensation chemistry of molybdates under ambient conditions is, therefore, not benecial in terms of knowledge-based planning of the hydrothermal synthesis of molybdenum oxidebased catalysts. Likewise, systematic in situ spectroscopic studies of the synthesis of complex metastable mixed oxide phases, like the so-called M1 phase of MoVTeNb oxide, resulted in the development of modular preparation techniques that yield the desired phase more effectively in shorter synthesis time with improved catalytic properties.
14 Herein we present in situ Raman spectroscopic and transmission electron microscopy studies that provide insight into the mechanism of particle growth and re-crystallization during the synthesis of the thermodynamic stable monoclinic manganese tungstate phase in wolframite-type structure (ICSD 67906). 16 Nano-structuring of manganese tungstate features a feasible strategy to control bi-functional properties of the mixed metal oxide with implications on the selectivity in oxidation reactions applied to upgrade alkanes. We demonstrate the viability of such a strategy by studying rod-shaped nano-crystalline MnWO 4 catalysts consisting of particles with varying aspect ratio (AR). The particle morphology was controlled via the concentration of OH À ions under hydrothermal synthesis conditions. Oxidation of ethanol was chosen to probe the surface chemistry of the synthesized materials in a catalytic reaction. The substrate molecule may undergo multiple pathways depending on the nature of the active sites at the catalyst surface. Generally, the alcohol is oxidized to the aldehyde at redox active centres whereas dehydration of ethanol to ethylene or the formation of diethyl ether indicate surface sites that facilitate acid/base reactions.
Experimental

Hydrothermal synthesis
The hydrothermal synthesis of MnWO 4 was performed in an analytical autoclave HPM-PT-040 (Premex Reactor GmbH) described before, 15 adopting a synthesis method that has been reported previously. 16 In the rst step, a 0. to a mixed solution of pH ¼ 6.7. Subsequently, the pH of the mixed solution was adjusted to 6.3, 8.0, 9.1, and 9.9 by adding appropriate amounts of 0.1 M HNO 3 (64-66%, Sigma Aldrich) or 0.1 M NaOH (98%, Alfa Aesar). The mixtures were transferred to the autoclave and the temperature was raised from 20 C to 180 C at a rate of 5 C min À1 . The synthesis temperature was kept at 180 C for 12 h.
During hydrothermal synthesis the pH was recorded using a pH probe (ZrO 2 probe Model A2 and Ag/AgCl reference electrode, both with a 1/2" outer tubing made from Hastelloy C-276; Corr Instruments). The pH probes were calibrated by use of four buffer solutions at the given reaction temperatures prior to the experiments. At the same time the Raman spectra of the synthesis gels were recorded using a Raman probe (RAMAN RXN1, immersion optic 1/4" OD (HC-276); Kaiser Optical Systems). Aer cooling down the gel at a rate of 5 C min À1 , the products of the hydrothermal synthesis were ltered by centrifugation and washed twice with de-ionized water (MilliPore®). In the nal step, the solids were dried in a muffle furnace in air at 80 C for 12 h. Depending on the pH value before hydrothermal treatment, yellowish to brownish solids were collected. The solids were annealed in argon (ow rate 50 mL min
À1
) at 400 C (heating rate 5 C min À1 ) for 2 h using a rotary tube furnace (XERION) resulting in ve phase-pure 
Characterization of catalysts
Transmission electron microscopy (TEM) studies were conducted using a Philips CM200 FEG transmission electron microscope operating at 200 kV. High resolution TEM (HRTEM) and high resolution high angle annular dark eld scanning transmission electron microscopy (HAADF-STEM) were performed using a Cs corrected FEI TITAN 80-300 operated at 300 kV. TEM samples were prepared by drop deposition from ethanolic suspensions onto lacey-carbon coated Cu grids, and by cross section preparation. Field emission scanning electron microscopy (FESEM) was carried out with a Hitachi S4800 instrument operating at 5 kV.
The X-ray diffraction (XRD) measurements were performed in Bragg-Brentano geometry on a Bruker AXS D8 Advance theta/theta diffractometer, using Ni ltered Cu Ka radiation and a position sensitive LynxEye silicon strip detector. The XRD data were evaluated by whole powder pattern tting according to the Rietveld method as implemented in the TOPAS soware [version 4.2, copyright 1999-2009 Bruker AXS]. During the routine tting, which uses an isotropic peak width model (i.e. the diffraction prole widths are described as a smooth function of the diffraction angle, independent of hkl), systematic peak prole mismatches of varying degrees were observed. With the anisotropic crystallite shape observed by electron microscopy in mind, we developed an appropriate anisotropic (i.e., hkl dependent) peak width model. An efficient model was obtained by modifying the phenomenological model published by Stephens. 17 Due to the macro language implemented in TOPAS, user dened peak models can be implemented easily. The original Stephens model, which was derived to describe anisotropic strain broadening, did not work well with our data. Since we expected anisotropic crystallite size to be the predominant peak broadening factor in our case, we replaced the angular dependent term tan(q) (representing strain) of the original Stephens model with a 1/cos(q) (i.e., size) term, while retaining the hkl dependent expression. In addition to a good overall t, this modied model allowed us to obtain the nominal crystallite size for different crystal directions. It should be noted that such values represent volume weighted average lengths of unit cell columns, L Vol -IB. This includes averaging over parallel columns of different lengths within crystallites (shape dependent), as well as averaging over different crystallites of possibly different sizes (size distribution dependent). Thus, the reported L Vol -IB values cannot be directly compared to the physical dimensions of discrete crystallites as, e.g., observed by electron microscopy. Nevertheless, the XRD derived dimensions may be considered to represent the (volume weighted) average crystallite morphology.
The specic surface area was measured in a volumetric N 2 adsorption device (Autosorb-6-B, Quantachrome) at the temperature of liquid nitrogen. The sample was degassed under dynamic vacuum at a temperature of 300 C for 2 h prior to adsorption. The relative N 2 pressure was varied and 11 data points were measured. The linear range of the adsorption isotherm (p/p 0 ¼ 0.05-0.3) was considered to calculate the specic surface area according to the BET method.
Ethanol oxidation was performed at atmospheric pressure in a feed composed of 30.2 mL of N 2 , 2.8 mL of O 2 and 1.2 mL of CH 4 . The feed was passed through a saturator at 15 C to achieve a concentration of 4 vol% ethanol. A laboratory quartz U-tube xed bed reactor (4 mm inner diameter, 6 mm outer diameter, 26 cm length) was used, which contained 200 mg of the catalyst previously pressed and sieved to a particle size of 250-355 mm. Gas analysis was performed using online gas chromatography (GC 6890A, Agilent) equipped with two channels. A combination of two capillary columns (GS-Carbonplot and Plot Mole Sieve 5A) in connection with a thermal conductivity detector (TCD) was used to analyse the permanent gases CO 2 , O 2 , N 2 and CO. A combination of two capillary columns (HP-FFAP and HP Plot Q) connected to a ame ionization detector (FID) was applied to analyse alkanes, olens and oxygenates. Transmission Fourier transform infrared spectroscopy (FTIRS) measurements were carried out using a Varian 670 spectrometer equipped with a MCT detector. The spectra were recorded at a resolution of 4 cm À1 accumulating 512 scans. Selfsupported wafers (area weight of 23-29 mg cm
À2
) were transferred into an IR cell that was connected to a vacuum system, in which residual pressures of ca. 1 Â 10 À6 mbar can be employed. Prior to the adsorption of gases, the catalysts were heated under dynamic vacuum at 300 C for 1 h. A reference spectrum of the solid was taken aer cooling down to 40 C. Then, the sample chamber was charged with 7 mbar equilibrium pressure of NH 3 at 40 C. Aer 30 min, spectra were recorded applying the spectrum of the pretreated MnWO 4 as background. The Brønsted acid site density was calculated applying the extinction coefficient 16 cm mmol
À1
.
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Near-ambient-pressure X-ray photoelectron spectroscopy (NAP-XPS) was conducted at the end station of the ISISS beam line at BESSY II/HZB (HelmholtzZentrum Berlin, Germany). Details of the setup have been published previously.
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For the XPS measurements, Mn 2p, O 1s, and W 4f core level spectra were collected at constant kinetic energies (KE) of the photoelectrons of 150 eV and 750 eV, resulting in inelastic mean free paths (IMFP) of the excited photoelectrons of $0.6 nm (150 eV, denominated as surface) and $1.6 nm (750 eV, denominated as deep). The experiments were performed at 300 C and a total pressure of 0.25 mbar in a 1/1.1 O 2 /He mixture with a total gas ow of 4.2 sccm.
Results and discussion
Phase formation and particle growth under hydrothermal conditions
The preparation of monoclinic manganese tungstate composed of the wolframitetype structure (ICSD 67906) was performed by hydrothermal synthesis for 12 hours at 180 C in aqueous medium. The formation of the solid within the autoclave was monitored using in situ Raman spectroscopy. Fig. 1 shows the spectra (Fig. 1a) taken during the synthesis of a slightly acidulated synthesis gel (pH of the starting mixture 6.3, Fig. 1b ) and a mixture in which the pH has been adjusted to 9.1 ( Fig. 1c) by addition of NaOH solution (Fig. 1d) . Reaction between manganese nitrate and sodium tungstate occurs immediately aer mixing the precursor solutions at room temperature as is evident from the Raman spectra. By mixing the two precursor solutions, the peak at 837 cm À1 disappears immediately, peaks at 507 and 713 cm À1 emerge, and the peak at 933 cm À1 is shied to 912 cm À1 suggesting reaction between the manganese nitrate and sodium tungstate solution at room temperature. The bands are attributed to the formation of a partially crystalline product of unknown crystal structure that exhibits a layered-like morphology (Fig. S1 † 4 above 100 C that is completed at 120 C. 21, 22 It has to be noted at this point that the Raman spectra measured by using the immersion probe originate from contributions of dispersed nanoparticles as well as from molecular species dissolved in the mother liquor. The phase formation is additionally indicated by a sharp drop of the pH in the temperature range from 110-120 C. The pH at 180 C rises above 8 during the synthesis of all catalysts. The average value increases with increasing starting pH and amounts to 8.1 in the synthesis of the catalysts AR1.5 and AR1.7, to 9.0 in the synthesis of the catalysts AR3.2 and AR3.9, and to 9.3 in the synthesis of catalyst AR5. The extra peaks are tentatively attributed to manganese hydroxide species as will be discussed below. Irrespective of the initial pH value, crystallization occurs at 120 C ( Fig. 1) implying that the crystallization process is determined by thermodynamics, since the monoclinic wolframite-type P2/c structure is the thermodynamic stable phase under the applied synthesis conditions. 16 According to the XRD, all synthesis products are phase-pure materials (Fig. S2 †) . Thermal treatment in inert gas at 400 C does not change the phase composition of the products (Fig. S3 †) . The morphology of nano-sized MnWO 4 can be tuned kinetically by adjusting the chemical potential during synthesis within the autoclave. The structural alterations are induced by different dissolution-recrystallization rates of the involved manganese tungstate species. These rates are predominantly controlled Fig. 2 Electron microscopy images of the as-synthesized (top row) and thermally treated (bottom row) nanostructured MnWO 4 materials AR1.5 (a) and (f), AR1.7 (b) and (g), AR3.2 (c) and (h), AR3.9 (d) and (i), and AR5.1 (e) and (j); uncoloured TEM images are presented in the ESI (Fig. S4 †) . Based on XRD of the catalysts (Fig. S3) .
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This journal is © The by the starting pH value of the synthesis gel. Thus, the shape of the primary MnWO 4 nanoparticles in the hydrothermal product crucially depends on the starting pH and varies from cube-like particles (starting pH ¼ 6.3) to anisotropic nano-rods (starting pH ¼ 9.9) (Fig. 2) . These changes are reected in the aspect ratio of the MnWO 4 nanoparticles, which can be obtained by measuring the length and width of the nanoparticles from the TEM images (Fig. 2, S4 , and S5, † Table 1) . Before catalytic testing, the as-synthesised materials have to be thermally treated above the reaction temperature of the catalytic reaction. Annealing in argon at 400 C has no signicant inuence on the shape and size of the nanoparticles (Fig. 2) , but the specic surface areas are slightly reduced (Table 1) . Electron microscopy indicates a defect-rich structure and preferential growth of the rods along the <001> axis. Normally, crystallization and particle growth are induced by minimization of the free energy of the system. At the given chemical potential this observation suggests that the {001} surface is a high-energy surface. Thus, growing along <001> avoids its exposure to the environment. In addition, the fraction of surfaces with lower energies increases signicantly, which improves the stabilization of the nanoparticle. In fact, analysis of the HAADF-STEM images of AR1.5 and AR5.1 allows for the allocation of specic facets of the particles, including the {100}, {010} and {110} crystal planes as illustrated in Fig. 3 . The dissolution-recrystallization processes occurring during ageing under hydrothermal conditions in the autoclave at 180 C are illustrated in Fig. 4 (Fig. 4) . Divalent manganese ions may interact with negatively charged tungstate chains and are in this way incorporated into the structure. With increasing OH À concentration, the dissolution-recrystallization process is enhanced and nanoparticles with increased aspect ratio are formed as evidenced by particle size analysis (Fig. S5 , † Table 1 ). The statistical analysis based on the TEM images is in agreement with the average particle diameter found by XRD. With increasing initial pH value, the (010) peaks in the XRD patterns (Fig. S3 †) become more broadened, providing additional support for smaller crystallite sizes along the <010> direction with increasing pH ( 23 The appearance of the corresponding bands is more distinct in reaction mixtures that contain a higher concentration of OH À ions (compare Fig. 1a and c) . However, the concentration of dissolved tungsten oxide and manganese species is apparently rather low, since no peaks due to such species in solution are detectable by Raman spectroscopy using the immersion probe.
Ethanol oxidation
The side products ethylene and diethyl ether in the oxidation of ethanol to acetaldehyde reveal the presence of extra acid/base functionalities at the catalyst surface of an oxidation catalyst. Ethanol oxidation has been performed over all catalysts within the reaction temperature range from 280 to 310 C achieving conversion of ethanol from 5 to 15% (Fig. S7 †) . Under these conditions acetaldehyde as well as ethylene are formed over all catalysts, but the selectivity is different for the catalysts with different aspect ratios of their primary particles. In Fig. 5 the product distribution is compared at 10% ethanol conversion. The ethylene selectivity is quite high over the catalyst AR1.5, but decreases as the aspect ratio increases. The selectivity to acetaldehyde decreases with increasing temperature and conversion, whereas ethylene selectivity rises (Fig. S7 †) . At constant temperature the selectivity to acetaldehyde decreases in general slightly with time on stream, whereas ethylene selectivity is quite constant or even increases (Fig. S7 †) suggesting no structural relations between redox and acid-base sites.
The specic rate of the acid-catalysed dehydration reaction decreases with increasing aspect ratio (Fig. 6) . In contrast, the specic redox reaction rate exhibits a at maximum at the aspect ratio 3.2. It should be noted at this point that the rates are integral rates. Conclusions about the intrinsic activity are not possible from these values. However, the apparent activation energy of ethanol oxidation is quite constant (48 AE 6 kJ mol À1 ) suggesting that not the nature, but the number of active sites changes in the current catalyst series. The observed trends may be related to a change in the relative fraction of acidbase and redox species at the catalyst surface that may be, again, related to differences in the termination of the catalyst particles within the current series. The presence of a defect rich MnO x chain-like 2D over-layer, particularly, at the {010} termination of particles in the catalyst AR5.1 has been veried using electron microscopy and photoelectron spectroscopy. 24 These MnO x chains might bear oxygen defects, which are believed to provide the active sites in the activation of propane. The same manganese oxide sites might be relevant for the oxidation of ethanol in the present experiments as well. Due to the preferential growth of the particles along the <001> direction, the relative abundance of {010} planes that host these manganese oxide sites for oxidation catalysis may increase with increasing aspect ratio (Fig. 3) . Therefore, an aspect ratio above three is reected in increased integral rates of the oxidation reaction compared to the integral rates of the acid-catalysed dehydration reaction over the corresponding catalysts. The sites responsible for dehydration may be, in contrast, preferentially located at the two ends of the rods, which are terminated by {001} crystal planes. According to structural considerations, Brønsted acid sites might be preferentially located at these planes (Fig. S8 †) . Therefore, the two catalysts AR1.5 and AR1.7 exhibit enhanced acid-base functionalities, which is in agreement with the shape (Fig. 2  and 3a ) and the proposed dissolution-recrystallization mechanism (Fig. 4  and S8 †) . Experimentally, the acidity of the catalysts has been studied using infrared spectroscopy. Aer heating to the reaction temperature of ethanol oxidation (300 C) under vacuum, three bands located at 3470, 3400, and 3366 cm À1 are observed in the O-H stretching region on top of a broad feature (Fig. 7a) . The latter is attributed to hydroxy groups that undergo hydrogen bonding or strongly adsorbed water molecules. A residual band is observed at 1642 cm À1 that might be due to the bending mode of molecular water, but discrimination of this band from the overtones and combination vibrations of MnWO 4 is difficult. Based on the very low frequency and the unusual narrow bandwidth, the three sharp bands at 3470, 3400, and 3366 cm À1 are tentatively assigned to hydroxy groups that form well-ordered hydrogen bonding networks at the surface. Further investigations are necessary to clarify the origin of these bands. To investigate the acidity of the hydroxy groups, NH 3 was adsorbed. Unfortunately, the bands of the adsorbed ammonia in the N-H stretching vibration region between 3400 and 3000 cm
À1
overlap with the hydroxy bands due to the low frequency of the latter (Fig. 7a) . Therefore, the consumption of particular OH species in the reaction with ammonia cannot be monitored. But weak acidity is conrmed by the formation of a weak but distinct band at 1439 cm À1 due to the asymmetric deformation vibration of ammonium ions formed by reaction of ammonia with Brønsted acid sites at the surface of the catalysts AR1.5, AR1.7, and AR3.9 (Fig. S9 †) . No clear indications regarding redox processes of adsorbed ammonia molecules have been observed in the spectra. The concentration of acid sites at the surface of catalyst AR5.1 was below the detection limit. The small number of acid sites (in the range from 0 for AR5.1 to 1.2 mmol g À1 for AR1.5) suggests that most of the OH groups observed in the infrared spectra of the catalysts aer dehydroxylation at 300 C under vacuum (Fig. 7a) (Fig. 6b) , demonstrating the involvement of these sites in the dehydration of ethanol. The non-zero intercept of the tting line in Fig. 6b suggests that Lewis acid sites may be involved in the dehydration of ethanol as well. Pathways leading to ethylene from ethanol adsorbed on Ce 4+ have been discussed. 26 Similar reaction routes might also be possible at coordinatively unsaturated manganese or tungsten sites that are present at the surface of the catalysts as it becomes evident from ammonia adsorption (Fig. S9 †) . The peak at 1591 cm À1 may arise from the asymmetric bending vibration of ammonia molecules adsorbed at Lewis acid sites. A high concentration of hydroxy groups at the surface of the catalyst AR1.5 was also conrmed by NAP-XPS measured in the presence of oxygen at 300 C. The O 1s core level spectra of the catalysts AR1.5 and AR5.1 are shown in Fig. 7c . The main peak at 530.2 eV is assigned to lattice oxygen, while the component at 531.6 eV is attributed to hydroxy groups. Fig. 7c shows that catalyst AR1.5 comprises a higher concentration of hydroxy groups than catalyst AR5.1. A detailed analysis of the W 4f core level reveals that also the W 4f 7/2 and W 4f 5/2 doublet (Fig. 7b) can be deconvoluted into two contributions. The low binding energy doublet at 35.4 and 37.5 eV is in good agreement with the binding energy values reported in the literature for metal tungstates. 27, 28 The high binding energy doublet at 36.0 and 38.1 eV is more pronounced in the AR1.5 catalyst than in the AR5.1 catalyst, in line with the higher hydroxyl concentration observed in the O 1s spectrum of the AR1.5 catalyst. Furthermore, the contribution of the high binding energy W 4f doublet as well as the hydroxide component in the O 1s spectrum is decreasing with increasing probing depth (compare Fig. 7b and c, S10a and b †). Therefore, we tentatively assign the high binding energy doublet in the W 4f spectrum to modied tungsten atoms bearing hydroxy groups at the surface of the catalyst. Thus, the XPS measurements indicate that more W-OH groups are present at the surface of the catalyst containing primary particles with a low aspect ratio (AR1.5). These results are complementary to the characterization of the catalysts using ammonia adsorption. The acid sites probed using FTIRS of adsorbed ammonium ions are attributed to W-OH groups at the surface of the catalyst, which is also plausible in terms of the acid-base chemistry of tungsten compared to manganese. Mn-OH groups are apparently not resolved by XPS, neither in the O 1s spectra (Fig. 7c) , nor in the Mn 2p spectra (Fig. S11 †) . The discrepancy between the FTIRS and XPS concerning the presence of hydroxy groups at the surface of the two catalysts might be due to the fact that the Mn-OH contributions are enveloped by M À O contributions in the O 1s (Fig. 7c ) and Mn 2p (Fig. S11 †) spectra, or due to differences in the pretreatment procedures before IR (vacuum, 300 C) and XPS (0.25 mbar O 2 at 300 C) measurements, respectively.
In summary, the variation of the initial pH in the hydrothermal synthesis of nanostructured MnWO 4 affects the dissolution-recrystallization kinetics of the freshly formed particles during ageing at 180 C. Although these dissolution and recrystallization processes are responsible for anisotropic particle growth, more important is that ageing provides the basis for the formation of the catalytically active sites. With increasing pH under hydrothermal conditions the fraction of acid W-OH groups at the surface of the nal catalyst decreases and, consequently, acid-base catalysed side reactions during ethanol oxidation are increasingly suppressed, which is reected in enhanced selectivity to acetaldehyde with increasing starting pH (Fig. 5) . Selectivity is the major issue in oxidation catalysis. 6,29 Activation of C-H bonds in saturated hydrocarbons is challenging because the formed reaction products and intermediates easily undergo consecutive and parallel reactions. Minimization of rates of undesired pathways requires co-ordinated design of bulk electronic properties and surface dynamics of oxidation catalysts. 30 C-H bond activation may involve multiple mechanisms including carbenium or carbonium intermediates and homolytic splitting of C-H bonds at metal oxide surface functional groups under formation of radical species. 31, 32 Model calculations, generally based on small cluster models, favour the homolytic pathway over transition metal oxide catalysts. 33 However, Lewis acid sites in terms of coordinatively unsaturated metal cations and Brønsted acid sites may be present at the surface of a transition metal oxide under reaction conditions as well. Brønsted acid sites are particularly expected since water is an unavoidable coproduct in oxidation reactions and, as demonstrated in the current example, the dehydroxylation temperature is oen above the reaction temperature.
Whereas acidity at the surface of nanostructured MnWO 4 catalysts is attributed to the presence of W-OH groups and coordinatively unsaturated metal cations, the origin of the redox activity is not that straightforward. During particle growth under hydrothermal conditions the formation of defects may occur. In the course of dissolution and recrystallization, chemical defects in terms of cationic vacancies or OH À groups at anionic positions are generated that may be related to structural defects. 34 Establishing relations between defect chemistry and redox activity requires further kinetic studies and more comprehensive characterization of the catalysts, which is currently under way.
Conclusions
Nanostructured MnWO 4 catalysts have been prepared using hydrothermal synthesis. The aspect ratio of the primary MnWO 4 particles increases with increasing pH during ageing at 180 C under hydrothermal conditions. Electron microscopy revealed that the particles grow along the <001> axis. A mechanism of particle growth by dissolution re-crystallization is proposed that leads to an increase in the fraction of terminating {010} planes with increasing aspect ratio. At the same time, the fraction of {001} planes, which are terminated by W-OH groups, is decreasing. These changes are reected in the selectivity patterns of the ethanol oxidation reaction that probes both, redox and acid-base sites. Metastable structures are required to achieve catalytic activity over MnWO 4 . Solid-state synthesis provides theses structures only on a limited scale. The implementation of chemical defects as a basis for the catalytic activity of MnWO 4 succeeded via variation of the chemical potential under mild hydrothermal conditions.
